Objective: The rapid evolution of endovascular surgery has greatly expanded management options for a wide variety of vascular diseases. Endovascular therapy provides a less invasive alternative to open surgery for critically ill patients who have sustained arterial injuries. The purpose of this study was to evaluate recent trends in the management of arterial injuries in the United States with specific reference to the use of endovascular strategies and to examine the outcomes of endovascular vs open therapy for the treatment of civilian arterial traumatic injuries. Methods: A 9-year analysis of the National Trauma Data Bank was performed to identify all patients who sustained arterial injuries. Demographics, clinical data, interventions, and outcomes were extracted. Propensity scores were used to match endovascular patients to those undergoing open operation. Patient outcomes were compared according to treatment approach. Results: A total of 23,105 patients were available for analysis. Overall, there was a significant increase in the use of endovascular procedures during 9 years (from 0.3% in 2002 to 9.0% in 2010; P < .001), particularly among blunt trauma patients (from 0.4% in 2002 to 13.2% in 2010; P < .001). This increase was noteworthy and dramatic for injuries of the internal iliac artery (from 8. There was a stepwise increase in the proportion of patients managed by endovascular therapy as the Injury Severity Score increased (highest in the spectrum Injury Severity Score 31-50). When outcomes were compared between matched patients who underwent endovascular and open procedures, patients who underwent endovascular procedures had significantly lower in-hospital mortality (12.9% vs 22.4%; odds ratio, 0.5; 95% confidence interval, 0.4-0.6; P < .001). Endovascular patients also had decreased rates of sepsis (7.5% vs 5.4%; odds ratio, 0.7; 95% confidence interval, 0.5-0.9; P [ .025). Conclusions: The use of endovascular therapy in the United States has increased dramatically during the last decade, in particular among severely injured blunt trauma patients. Endovascular therapy was associated with improved in-hospital mortality and lower rates of sepsis. (J Vasc Surg 2014;60:1297-307.) From balloon tamponade to fenestrated grafts, the evolving field of endovascular surgery has greatly expanded management options for a wide variety of vascular diseases. Ongoing device developments and refinements, along with better understanding of the natural history of many vascular pathologic processes, have allowed the trial and implementation of endovascular procedures to virtually all vascular processes. In many instances, this new technology provides a safe, minimally invasive, and superior in performance alternative to open surgery.
From balloon tamponade to fenestrated grafts, the evolving field of endovascular surgery has greatly expanded management options for a wide variety of vascular diseases. Ongoing device developments and refinements, along with better understanding of the natural history of many vascular pathologic processes, have allowed the trial and implementation of endovascular procedures to virtually all vascular processes. In many instances, this new technology provides a safe, minimally invasive, and superior in performance alternative to open surgery. [1] [2] [3] Despite advancements in cross-sectional imaging and transfusion strategies, uncontrolled hemorrhage remains the leading cause of death among critically ill trauma patients. [4] [5] [6] Many of those will expire as a result of exsanguination from a vascular injury before bleeding control can be achieved. Traditionally, the management of these injuries requires open exploration in which adequate exposure is pivotal to allow bleeding control. Success with this approach is, however, often affected by our ability to obtain proximal and distal vascular control, by the degree of anatomic distortion caused by hematoma or soft tissue injury, and by the proximity to neurovascular bundles and bone structures.
Endovascular therapy provides an elegant alternative to open surgery with the potential advantage of allowing control of bleeding without the need for vessel exposure, mitigating the risk of collateral damage to adjacent structures. As trauma centers evolve to become equipped to offer endovascular options on an emergent basis to trauma patients, several studies have emerged in the literature documenting an increase in use of endovascular therapy for a wide variety of arterial injuries, including carotid, thoracic and abdominal aorta, subclavian and axillary arteries, and iliac and lower limb systems. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Although uniformly positive, this experience remains confined to small retrospective studies. The purpose of this study was twofold: (1) to evaluate recent trends in management of arterial injuries in the United States with specific reference to the use of endovascular strategies and (2) to examine the outcomes of endovascular vs open therapy for the treatment of arterial injuries among civilian trauma patients. Our hypothesis was that (1) endovascular arterial injury control or repair would be increasing in the United States for the management of both blunt and penetrating arterial injuries, in particular among severely injured patients, and that (2) endovascular therapy would be associated with lower rates of in-hospital complications and improved survival.
METHODS
This is an analysis of the National Trauma Data Bank (NTDB) of the American College of Surgeons from the years 2002 to 2010 including a total of 3,894,335 medical records of injured patients admitted to 1205 trauma centers across the United States. All data provided by the NTDB are de-identified and subjected to quality screening for consistency and validity. Use of NTDB data is in strict compliance with the Health Insurance Portability and Accountability Act of 1996.
Patients who sustained vascular injuries were identified by the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes D900-904. From that cohort, those who sustained arterial injuries were extracted (Supplementary Table, online only). For the purpose of the analysis, a diagnosis description containing the term "unspecified" was excluded. Those with a diagnosis description in which arterial and venous injuries could not be differentiated, such as D903.3, "ulnar blood vessels," or 904.6, "deep plantar blood vessels," were also excluded from analysis. We included patients with associated diagnosis codes for arterial injuries.
Data abstracted included age, gender, ethnicity, insurance status, facility description, mechanism of injury, systolic blood pressure (SBP), Glasgow Coma Scale score, ethanol and drug screen on admission, comorbidities (chronic obstructive pulmonary disease, diabetes mellitus, hypertension, coronary artery disease, congestive heart failure, and chronic kidney disease on dialysis), Injury Severity Score (ISS), associated injuries sustained, operative procedures, and outcomes. Operative data including type and number of procedures as well as time from admission to procedure and total operative time were also extracted. The primary outcome measure was in-hospital mortality. Secondary outcomes included in-hospital complications (acute respiratory distress syndrome, pneumonia, sepsis, acute renal failure, surgical site infections, and compartment syndrome), need for limb amputation, ventilation days, hospital length of stay, intensive care unit length of stay, and patient disposition (home vs skilled nursing facility vs rehabilitation vs other [transferred, jail, left against medical advice]).
We identified patients who underwent endovascular management on the basis of ICD procedure codes 00. scores. 18 Included in the propensity score model were all variables that differed significantly (at the P < .05 level) between the two cohorts (Tables I and II) .
Propensity scores (predicting the probability of undergoing endovascular therapy) were calculated with binary logistic regression. Each patient undergoing an endovascular procedure was matched to a patient who underwent an open procedure within a 0.04 caliper of propensity without replacement. The caliper was equal to one quarter of a standard deviation of the logit of the propensity (caliper was 0.15/4z0.04). 19 Patients for whom no suitable match could be found were excluded.
The two groups were compared for differences in clinical characteristics and location of injury. McNemar c 2 test was used to compare proportions and paired Student t-test to compare means.
Primary and secondary outcomes between matched cohorts were compared by McNemar c 2 test for proportions and Wilcoxon test for matched sample for means. In addition, a Kaplan-Meier time to event analysis was used to evaluate the association between the type of procedure (endovascular vs open) and in-hospital survival. Log-rank test was used for comparison of survival curves. To determine whether endovascular therapy had any independent association with in-hospital mortality, a stepwise logistic regression analysis was performed including all covariates potentially associated with this outcome. These variables were examined for their effect by bivariate analysis. To identify independent predictors for mortality, factors that on bivariate analysis were significant at P < .2 were entered in a stepwise logistic regression analysis.
Values are reported as means 6 standard deviation, as median (range) for continuous variables, and as percentage for categorical variables. All analyses were performed with the Statistical Package for Social Sciences (SPSS Mac), version 18.0 (SPSS Inc, Chicago, Ill).
RESULTS
During the 9-year study period, 85,292 (2.2%) of the 3,894,335 NTDB patients sustained a vascular injury. After exclusion of 41,328 patients (48.4%) with "unspecified," "undifferentiated," or isolated venous injuries, 43,964 (Fig 1) .
During the study period, the mean number of trauma admissions/year was 432,703 6 215,304. The annual management trends are depicted in Fig 2. Overall, there was a significant increase in the use of endovascular procedures during 9 years (from 0.3% in 2002 to 9.0% in 2010; P < .001). Conversely, a significant decrease was noted for open and nonoperative managements (P < .001; Fig 2) . When these trends were analyzed according to injury mechanism, for blunt trauma, endovascular procedures increased from 0.4% in 2002 to 13.2% in 2010 (P < .001). There was a significant decrease in open procedures among blunt trauma patients (42.9% in 2002 to 35.8% in 2010; P < .001). No difference was noted for nonoperative management (P ¼ .056). For penetrating trauma, there was a statistically significant but not clinically significant increase in endovascular procedures (from 0.2% in 2002 to 2.3% in 2010; P < .001). Nonoperative management decreased during the study period (P < .001), and no change was noted for open procedures (P ¼ .089; Fig 3) . Mortality for arterial injuries during the study period decreased significantly (from 28.1% in 2002 to 13.1% in 2010; P < .001; Fig 2) . This was true for both blunt and penetrating trauma (Fig 3) .
When the specific types of injury were analyzed, a growth in endovascular use was demonstrated for all arterial injuries, in particular for the internal iliac artery (from 8.0% in 2002 to 40.3% in 2010; P < .001), thoracic aorta (from 0.5% in 2002 to 21.9% in 2010; P < .001), and common/external iliac arteries (from 0.4% in 2002 to 20.4% in 2010; P < .001; Fig 4) .
When management trends were analyzed according to ISS, there was a stepwise increase in the proportion of patients managed endovascularly as the ISS increased (highest in the spectrum ISS 31-50). A stepwise decrease in open procedures was seen with increasing ISS (lowest on ISS 51-75). Nonoperative management increased in a stepwise fashion with increasing ISS (Fig 5) .
Patient characteristics for the endovascular and open groups before and after matching are described in Table I . There were 1388 matched pairs. The average age of the matched patients was 41.5 6 19.4 years; 74.8% were male and 16.5% sustained penetrating trauma; 72.3% were admitted to level I trauma centers and 63.7% to universitybased hospitals. At admission, 19.6% of the patients were hypotensive (SBP <90 mm Hg), 21.8% had a Glasgow Coma Scale score #8, and 82.7% had an ISS $16 (Table I) . When body location of arterial injury was analyzed, 45.2% had thoracic arterial injuries, 40.2% had abdominal/pelvic injuries, and 9.3% had lower extremity injuries (Table I) . Table II depicts the distribution of arterial injuries between the study groups. Among matched patients, the three most common types of arterial injuries were thoracic aorta (41.7%), common/external iliac arteries (18.7%), and celiac/mesenteric arteries (12.8%). The rate of associated venous injury in the matched cohort was 4.9% (Table II) .
Among matched patients, the mean time from admission to procedure was 10.6 6 33.7 hours, and the mean duration of the procedure was 1.4 6 13.7 hours. Among matched patients who underwent open procedures, 37.5% underwent primary repair, 39.1% interposition graft, 16.6% ligation, and 6.8% shunting. No hybrid procedures (endovascular and open) were performed in the matched cohort. When the rate of associated procedures was analyzed among matched patients, the endovascular group was significantly less likely to undergo thoracotomy (2.3% vs 9.4%; P < .001), laparotomy (20.0% vs 25.2%; P ¼ .001), and tube thoracostomy (30.6% vs 35.5%; P ¼ .006).
When outcomes were compared between matched patients who underwent endovascular and open procedures, patients who underwent endovascular procedures had significantly lower in-hospital mortality (12.9% vs 22.4%; odds ratio [OR], 0.5; 95% confidence interval [CI], 0.4-0.6; P < .001). Endovascular patients also had a trend toward lower complications, in particular sepsis (7.5% vs 5.4%; OR, 0.7; 95% CI, 0.5-0.9; P ¼ .025) and surgical site infections (4.9% vs 6.6%; OR, 0.7; 95% CI, 0.5-1.0; P ¼ .060). Similarly, there was a trend toward lower rates of major amputation in the endovascular group, in particular above-knee amputations (1.1% vs 1.9%; OR, 0.5; 95% CI, 0.3-1.1; P ¼ .083; Table III ).
The endovascular group required mechanical ventilation less frequently (57.6% vs 62.3%; P ¼ .013). There were no significant differences with regard to intensive care unit length of stay (11.3 6 12.8 days vs 11.6 6 12.0 days; P ¼ .578) and hospital length of stay (18.8 6 19.1 days vs 18.2 6 19.3 days; P ¼ .408). There was a trend toward lower hospital charges in the endovascular group (178,400 6 240,000 vs 233,900 6 387,000; P ¼ .130). Patients requiring endovascular therapy were more likely to be discharged home (43.6% vs 33.9%; OR, 1.5; 95% CI, 1.3-1.8; P < .001; Table III) . Management trends throughout the study period. There was a significant increase in endovascular management during 9 years (P < .001). A significant decrease was noted for the open and nonoperative management (NOM) groups (P < .001). Mortality significantly decreased during the study period (P < .001). n, Number of patients per study year. * Standard error exceeds 10%.
Fig 3.
Management trends throughout the study period according to injury mechanism. For blunt trauma, there was a significant increase in endovascular management and a decrease in open procedures during 9 years (P < .001). No difference was noted in the nonoperative management (NOM) group (P ¼ .056). Mortality for blunt trauma decreased significantly during the study period (P < .001). For penetrating trauma, there was a statistically significant but not clinically relevant increase in endovascular procedures (P < .001). Nonoperative management decreased during the study period (P < .001), and no significant change was noted for the open group (P ¼ .089). Mortality for penetrating trauma decreased significantly during the study period (P < .001). n, Number of patients per study year.
* Standard error exceeds 10%.
Kaplan-Meier time to event analysis revealed early reduction of in-hospital mortality-free curves for endovascular relative to open therapy (log-rank, P < .001; Fig 6) . A stepwise logistic regression analysis identified endovascular therapy as an independent variable associated with improved in-hospital mortality (adjusted OR, 0.4; 95% CI, 0.2-0.8; P ¼ .002). Other factors, such as age, admission SBP <90 mm Hg, ISS $ 16, and traumatic brain injury, were also found to be independent risk factors for in-hospital death.
DISCUSSION
This study is the largest examination to date evaluating the role of endovascular therapy in the management of civilian arterial injuries. With two specific objectives designed to address national trends and outcomes of endovascular repair, we used the NTDB to screen more than 3.8 million patients for enrollment in this study. During a 9-year study period, a total of 43,964 patients (1.1%) who sustained arterial injuries were included in this analysis.
Arterial injuries, including occlusion, dissection, pseudoaneurysm, and arteriovenous fistulas, have traditionally been managed by open surgical repair. These repairs can often be challenging, depending on urgency, degree of associated injuries, anatomic distortion around the lesion, excessive bleeding in the field of operation, relationship to neurovascular structures and bones, and degree of contamination. 1 In this situation, the use of endovascular therapy offers many potential advantages over open operation. Although recently challenged by the increasing resolution of computed tomography scans, angiography has always been an integral component in the diagnosis and evaluation of these lesions. Giving the surgeon the ability also to treat these injuries away from the vicinity of the injury may make remote access more advantageous. In instances in which complete treatment of the vascular injury by endovascular means is not feasible, endovascular balloon occlusion may offer precious time until open surgical access is achieved. 20 All these advantages have made open surgery no longer the only therapeutic option. Indeed, since the first reports of stent graft treatment for arterial injuries in 1991, 21, 22 traumatic vascular injuries have been increasingly treated with endovascular repair. [7] [8] [9] [10] [11] [12] [13] [14] Two studies have documented this increase in use of endovascular procedures in the United States. In 2007, Reuben et al 23 from Salt Lake City, Utah, used an earlier version of the NTDB including the years 1997 to 2003 to capture all patients who sustained arterial injuries. They identified 12,732 patients; of those, 2.2% of patients (281) were managed endovascularly. They were able to demonstrate a 27-fold increase in endovascular procedures, in particular stent placements. Four years later, Avery et al 24 presented a similar analysis at the American Association for the Surgery of Trauma annual meeting evaluating the evolving role of endovascular techniques for treatment of vascular injuries in adult trauma patients (age >14 years) with thoracic aorta, subclavian, or carotid artery injuries. During a 6-year study period, they demonstrated an increase in endovascular procedures from less than 1% of all vascular injuries to numbers approaching 15%.
With regard to national trends in endovascular repair use, the present analysis demonstrated a dramatic increase in use of endovascular therapy to treat arterial injuries from 0.2% of all injuries in 2002 to 9.0% in 2010 (P < .001). Although statistically this increase occurred for both blunt and penetrating trauma, clinically, this increase was relevant for blunt trauma (0.4% in 2002 to 13.2% in 2010). This increase in use has been especially true for critically ill trauma patients severely injured (highest in the spectrum of ISS 16-30 and 31-50). Interestingly, these procedures have been performed early in the management of the injured patient and even in those patients who traditionally were not good candidates for endovascular management, such as hypotensive patients. Overall, there were 9237 (21.0%) hypotensive (SBP <90 mm Hg) patients in the total cohort of patients who sustained arterial injuries. Of those, 356 (3.9%) underwent endovascular treatment. Although this seems a small number, this represents 14% of all endovascular procedures performed in the present study. To date, endovascular procedures have been advocated for those with less burden of injury and who are more stable. Trauma and acute care surgeons may feel more comfortable allowing relatively stable patients to be transported to a special procedures suite to accomplish treatment. As hybrid operating rooms with imaging capability and endovascular inventory are implemented across the country, severely ill and even unstable patients can now be treated while ongoing trauma evaluation and resuscitation occur.
Our second specific objective was to evaluate the impact of the shift toward endovascular treatment on patient outcomes. This has been most studied in thoracic aortic trauma. Since the publication by Kato et al 25 reporting the first trauma case treated with an endovascular stent graft in 1997, the literature has been filled by retrospective studies comparing the outcomes between open and endovascular repairs. [8] [9] [10] [11] 14 One important study has prospectively demonstrated the benefits associated with endovascular procedures. In 2008, Demetriades et al 26 conducted a multicenter study including 18 centers and 193 patients (68 open and 125 endovascular), demonstrating significantly lower mortality (7.2% vs 23.5%; adjusted P ¼ .001) and fewer blood transfusions in favor of endovascular repair; however, a 20% rate of devicerelated complications in the endovascular group was also demonstrated. This rate of device-related complications has been much decreased in recent studies, including the RESCUE trial, which was conducted to evaluate the Medtronic Valiant Captivia stent graft (Medtronic Vascular, Santa Rosa, Calif), enrolling 50 patients who sustained blunt thoracic aortic injuries at 20 sites in North America. 27 In that study, no endoleaks were reported. 27 The benefits of endovascular therapy have also been demonstrated in a retrospective fashion for a wide variety of vascular injuries including the carotid artery, abdominal aorta, subclavian and axillary system, and iliac and femoral arteries. 7, 12, 13, 15, 16 For axillosubclavian injuries, a recent review of published experience by DuBose et al 17 demonstrated promising results with endovascular stenting. These benefits include the avoidance of intracavitary surgerye associated complications, no need for aortic crossclamping or extracorporeal bypass, and lower transfusion requirements. In our outcome analysis, patients who underwent endovascular procedures tended to be more severely injured, with higher rates of associated traumatic brain injury and thoracic and abdominal trauma. As might be expected, these patients also had higher rates of comorbidities. To mitigate the differences between groups, propensity scoring was used to allow a direct comparison between similar groups differing only in their surgical management. Patients were matched for 63 distinct variables including the types of arterial injury sustained. When outcomes were analyzed, patients who underwent endovascular procedures had significantly lower in-hospital mortality and fewer complications, in particular sepsis.
As acute care surgery models are implemented across North America, acute care surgery teams are faced with an expanded scope of practice for which adequate preparation is required. In view of the evolving role of endovascular therapy for the management of traumatic vascular injuries, the addition of vascular surgeons with advanced endovascular skills to acute care surgery teams seems logical.
Although our study has the largest sample size of any endovascular study currently in the literature, there are well-known limitations to analysis of large administrative databases. The NTDB collects its data from those centers willing to contribute to the database. Therefore, our variable of interest, endovascular therapy, is limited to those centers that are willing to report or are capable of reporting data to the NTDB. This study is a retrospective analysis of population-based data that were not collected to answerer our two hypotheses regarding national trends and outcomes of endovascular procedures. As with any national database studies, the completeness and accuracy of the data are not as robust as for data collected in prospective studies; therefore, the possibility of inaccurate data exists. This is exemplified by the low rate of venous injury in the present cohort, as these injuries are frequently underreported during open repair and rarely recognized in patients undergoing endovascular therapy. Similarly, the extent of soft tissue injury was not available for analysis. This is another important variable in deciding between open and endovascular repair. Furthermore, data such as patient transfusion requirements and laboratory results were unavailable for analysis. In addition, we were limited by ICD-9-CM procedure codes, which hindered us from extracting the specific types of endovascular procedures performed. This is a significant limitation that should be addressed in future studies evaluating the role of endovascular therapy for vascular trauma. Similarly, injury anatomy and grade were not available for analysis.
To assess whether the results favoring endovascular therapy presented in this analysis were affected by temporal relationships or survival bias, we reanalyzed our data set excluding early deaths (within 24 hours of hospital admission). In this second analysis, in-hospital mortality for patients undergoing endovascular therapy remained significantly lower than mortality for those undergoing open repair (8.9% vs 12.0%; P ¼ .011), demonstrating that the survival difference in favor of endovascular therapy is not merely due to the use of open therapy when death is imminent.
Whereas our large longitudinal analysis provides indisputable evidence of the expansion of endovascular therapy in the management of arterial trauma, our outcome analysis is limited by small numbers, and therefore propensity to bias exists. Because patients undergoing open and endovascular therapy were substantially different with regard to demographics and clinical data, propensity scoring was used to identify a comparable cohort. This methodology, however, resulted in exclusion of more than 90% of the original study population as we were unable to match patients in any other ratio than 1:1. Therefore, the endovascular outcomes presented in this analysis may not be indicative of all possible endovascular outcomes. Another important limitation of this type of analysis is that even in a matched analysis controlling for a large number of confounders like the present one, it is still possible that unmeasured differences between the two management arms were not accounted for during the matching process. This could explain, at least in part, the discrepancy in outcomes favoring endovascular therapy.
Finally, and perhaps most important, in this study, the mortality rate for arterial injuries decreased over time, whereas the rates of endovascular procedures increased. It is difficult to draw any direct causality on the basis of the present analysis. The fact that mortality rates for penetrating trauma decreased over time while endovascular procedures did not increase in a clinically relevant manner speaks toward other factors affecting the outcomes in the present analysis. In other words, trauma care is constantly evolving, and this may affect outcomes in the longitudinal design of this study.
However, there are a number of strengths to analysis of these types of databases: large patient population; ability to measure trends over time; and accurate information on demographics and outcomes of interest, such as mortality, which is tracked diligently by reporting centers.
CONCLUSIONS
The use of endovascular therapy in the United States has increased dramatically during the last decade, particularly among severely injured blunt trauma patients. Endovascular therapy was associated with improved in-hospital mortality and lower rates of sepsis. Open repair of vessel excluded ICD-9-CM codes 39.27, arteriovenotomy for renal dialysis, and 38.5, ligation and stripping of varicose veins.
